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The nanopowdery solid solutions of multidoped ceria Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
(𝑥 = 0.2) with the fluorite type
crystal structure of CeO
2
were synthesized for the first time. Two synthesis procedures were applied: the modified glycine-nitrate
procedure (MGNPmethod) and room temperature self-propagating reaction (SPRTmethod). All nanopowders were characterized
by XRPD analysis, Raman spectroscopy, low temperature nitrogen physisorption, TEM, and SEMmethods. According to the XRPD
and Raman spectroscopy results, single phase solid solutions of fluorite structure were evidenced regardless of the number of
dopants and synthesis procedure. BothXRPDandTEMwere analyses evidenced nanometer particle dimensions.The SPRTmethod
results in obtaining sample with higher specific surface area, smaller crystallite and particles sizes, and the same values of the lattice
parameter in comparison to pureCeO
2
. Raman spectroscopywas confirmed to the oxygen vacancies introduced into the ceria lattice
when Ce4+ ions were replaced with cations (dopants) of lower valence state (3+), which may indicate the potential improvement of
ionic conductivity. Additionally, the presence of oxygen vacancies in the lattice ceria, as well as very developed grain boundaries,
gives a new possibility for potential application of obtained nanopowders in the area of room temperature ferromagnetism as
spintronics.
1. Introduction
Multiple applications of materials based on cerium (IV)
oxide (CeO
2
) during the past years in field electronics [1, 2],
environmental protection [3, 4], optics [3–5], catalysis [6–
10], and clean energy [11–13] attracted the attention of many
researchers, which conditioned the CeO
2
to be the focus of
interest. Great attention has been devoted to the development
of a new generation nanosized solid solutions for solid oxide
fuel cells (SOFCs) [12, 13], as well as for spintronic devices
[14–17], where pure and doped CeO
2
have also found their
application. The new generation of SOFCs should be able
to operate at much lower temperatures with rather high
efficiency and high ionic conductivity, as compared with cur-
rently developed ones. On the other hand, for development
of a new generation of spintronics based on CeO
2
, necessary
is that synthesized nanopowders show good ferromagnetic
properties at room temperature [14, 16]. Therefore, there is a
demand for newmaterials that will fulfill the necessary condi-
tions for the above said application. In addition, the materials
should be less expensive, produced by the application of low
cost technologies, including starting powders production.
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Thus, ultrafine CeO
2
nanopowder doped with rare earth
ions appears to be very interesting ceramic electrolyte for
SOFCs. High ionic conductivity on lower temperature is
achieved as the result of the appearance of oxygen vacancies
in the cerium lattice. The phenomena of vacancies exist
because of their placement of (IV)—valent cerium ions
(Ce4+) with rare earth (III)—valent ions [18]. Besides, it
is known that the conductivity of nanocrystalline materials
increases with smaller grains, and distribution becomesmore
uniform. This represents important precondition for consid-
erable decrease of sintering temperature and energy loss in
the process of fuel cells production. In order to enable the
development of compositions with high ionic conductivity,
necessary for good electrolytes, many problems have to be
solved starting with those related to powder synthesis. On the
other hand, asmentioned, ultrafineCeO
2
nanopowder doped
with rare earth ions is promisingmaterial and for future spin-
tronics. However, the mechanisms of ferromagnetic behavior
in pure and doped CeO
2
are subject of intensive research [14–
17].The obtained experimental results are quite contradictory
and strongly depend on lots of factors, such as grain size,
used dopants, and its concentration, as well as synthesis
method of pure or doped CeO
2
. Some studies appropriately
reported about correlation ferromagnetic mechanism with
oxygen vacancies and defects in crystallite lattice [14, 16, 17],
while on the other hand there are apparent indications that
the specific grain boundary area plays an important role for
ferromagnetism [19, 20]. In order to enable the development
of compositions with high ionic conductivity necessary for
good electrolytes and with corresponding structural, mor-
phological, and magnetical properties necessary for good
spintronics, many problems have to be solved starting with
those related to powder synthesis.
The most promising methods that have a number of
advantages over conventional methods [21–23] are the modi-
fied glycine-nitrate procedure (MGNP method) [24–27] and
room temperature self-propagating reaction (SPRT method)
[24–26]. Contrary to other methods [21–23], both MGNP
and SPRT methods are very fast and reliable, whereby the
required equipment is extremely simple and inexpensive. In
the MGNP procedure, partial replacement of nitrate with
acetate ions is done in order for the chemical reaction to be
controlled better, but also to lower the cost of the process.
The SPRT procedure is based on self-propagating room
temperature reaction between metal nitrates and sodium
hydroxide, wherein the reaction is spontaneous and termi-
nates extremely fast. It is known that the method assures very
precise stoichiometry of the final product in comparisonwith
a tailored composition [25–27].
Bearing the abovementioned in mind, the subject of our
present study was the preparation and characterization of
multidoped ceria Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
(𝑥 = 0.2) samples as newmaterials for potential solid electro-
lytes for SOFCs and potential solid solutions for spintronics.
The syntheses based on two different methods and properties
comparison of obtained multidoped ceria nanopowders
(Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
) were pre-
sented. The potential application of mentioned materials
based on CeO
2
is aimed at improving the performance of
SOFCs and spintronics such as high efficiency, low working
temperatures, and cost of production without environmental
pollution. In this paper, the overall mole fraction (𝑥) of
dopants was kept constant (𝑥 = 0.2). This concentration
is the optimum concentration for many dopant cations in
fluorite ceria lattice [25–27].
2. Experimental
2.1. Synthesis by MGNP Method. The sample of above-men-
tioned composition was synthesized in the form of nanopow-
ders by the MGNP method starting from 𝛿-amino acetic
acid-glycine (NH
2
CH
2
COOH) (Fluka), solution containing
Ce(NO
3
)
4
and Ce(CH
3
COO)
4
in the 1 : 1 molar ratio, and a
solution of nitrates of the [Me(NO
3
)
3
⋅6H
2
O] formula, where
Me stands for Ce, Nd, Sm, Gd, Dy, and Y (Aldrich), applied in
the amounts necessary to assure their total concentrations in
the final product to be 𝑥 = 0.2. The reaction was carried out
in a completely clean steel reactor, where all reactants were
dissolved in distilled water and put simultaneously into the
reactor. The concentration of metal nitrate solution required
to obtain targeted composition of the final doped powder was
calculated from
4NH
2
CH
2
COOH + 2 [(1 − 𝑥)Ce (NO
3
)
3
⋅ 6H
2
O
+ 𝑥Me (NO
3
)
3
⋅ 6H
2
O] + 2O
2
󳨀→
2Ce
1−𝑥
Me
𝑥
O
2−𝛿
+ 22H
2
O ↑ + 5N
2
↑ + 8CO
2
↑
(1)
The prepared solution was first heated at 90∘C to remove
water and further to 540∘C, which was followed by calcina-
tion at 600∘C over a period of 4 h to remove any remaining
organic components. In the MGNP process, partial replace-
ment of nitrate with acetate salt was done in order to slow
down the reaction rate and minimize the losses of the
reactants by sprinkling. The quantity of the experimentally
obtained powders using the MGNP method of synthesis was
very close to the theoretically calculated values (96–99%) and
significantly higher than the amount of powders that had
been obtained by other methods [21–23].
2.2. Synthesis by SPRT Method. Nanopowder of the
Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
composition
was also obtained by the SPRT method. The initial reactants
were nitrate salts of Ce, Nd, Sm, Gd, Dy, and Y (Aldrich)
and NaOH (Vetprom chemicals). The amounts of reactants
required for the synthesis were calculated according to the
following equation:
2 [(1 − 𝑥)Ce (NO
3
)
3
⋅ 6H
2
O + 𝑥Me (NO
3
)
3
⋅ 6H
2
O]
+ 6NaOH + (1
2
− 𝛿)O
2
󳨀→ 2Ce
1−𝑥
Me
𝑥
O
2−𝛿
+ 6NaNO
3
+ 15H
2
O
(2)
The reactants were mixed in an alumina mortar for 15
minutes, enabling rapid progress of the reaction at room
temperature in air. Exposure to air for additional 3 h provided
the completion of the reaction according to (2). The essence
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of this method is an exothermic reaction in solid state,
yielding the ceramic powders at a temperature close to room
temperature. Then, the obtained suspension was transferred
to a test tube containing certain amount of distilled water
and subjected to centrifugation at 3000 rpm, for 10 minutes.
A Centurion 1020D centrifuge was used. Rinsing procedure
was repeated four times with water and twice with ethanol.
The synthesized nanopowders were then subjected to drying
in an oven at 100∘C. The resulting powders had the expected
stoichiometry. This method is pronouncedly cost-effective
comparing with other methods [21–23].
2.3. Sample Characterization. The
Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
powders obtained
by the MGNP and SPRT methods were characterized by
X-ray power diffraction (XRPD), Raman spectroscopy, low
temperature nitrogen physisorption, transmission electron
microscopy (TEM), scanning electron microscopy (SEM),
and energy dispersive X-ray spectroscopy (EDS).
For X-ray powder diffraction (XRPD) with Cu K
𝛼1,2
radiation an Ultima IV Rigaku diffractometer was used,
equipped with a voltage generator (40.0 kV) and a current
generator (40.0mA). The range of 20–80∘ 2𝜃 was used for
all synthesized powders in a continuous scan mode with the
scanning step of 0.02∘ and at the scan rate of 2∘/min. Before
the measurements the angular correction was done by high
quality Si standard. Lattice parameters were refined from the
data using the least square procedure. Standard deviation
was about 1%. The internal microstrain of the samples was
estimated from theWilliamson-Hall plots which were drawn
using the following equation [28]:
𝛽total ⋅ cos 𝜃 = 0.9
𝜆
𝐷
+ 4
Δ𝑑
𝑑
⋅ sin 𝜃, (3)
where𝛽total is the full width halfmaximumof theXRPDpeak,
𝜆 is the incident X-ray wavelength, 𝜃 is the diffraction angle,
𝐷 is the crystallite size, and Δ𝑑 is the difference of the 𝑑
spacing corresponding to a typical peak.
Raman spectra excited with a diode pumped solid state
high-brightness laser (532 nm) were collected on a DXR
Ramanmicroscope (Thermo Scientific, USA), equipped with
an Olympus optical microscope and a CCD detector. The
measurements were performed at room temperature in the
200–800 cm−1 spectral range. The powdered sample was
placed on an 𝑋-𝑌 motorized sample stage. The laser beam
was focused on the sample using 10× objective magnification.
The scattered light was analyzed by the spectrograph with a
900 lines/mm grating. Laser power was kept at 1mW.
The transmission electron microscopy (TEM) analysis of
the obtained powders and their particles size was measured
by a JEOL JEM-2100 (voltage: 200 kV; illumination mode:
TEM; operation mode: IMAGING). Particle size was mea-
sured on micrographs directly after they had been taken
using the existing computer digital micrograph software.The
micrographs with as much as possible isolated particles were
chosen for the measurements. The diameter of the particles
was measured manually, on a computer, and the result was
recalculated into particle sizes using the digital micrograph
software. Approximately 40 particles were measured for each
sample. The mean value was taken as the particle size of the
relevant powder.
The specific surface areas of the powderswere determined
by the Brunauer, Emmett, and Teller (BET) method, based
on the adsorption and desorption isotherms of N
2
at −196∘C,
as the function of relative pressure. The measurements
were performed using the home made gravimetric McBain
equipment, with quartz spiral of the sensitivity 0.2mmmg−1.
Before the measurement, the sample was degassed at 120∘C
and vacuumedover 24 h.The achieved vacuumwasmeasured
with a Pirani vacuum gauge (measurement range 5.6 × 10−3–
1 × 103mbar, 2% measurement error for the pressure of
≤10−2mbar). In the mbar range, the pressure measurement
was checked with a mercury manometer. Beside the specific
surface area, the pore size distribution, specific surface area
of mesopore, and micropore volume were also calculated
from the isotherms. Pore size distribution was obtained by
applying Barrett-Joyner-Halenda (BJH) method [29] to the
desorption branch of the isotherms. The specific surface area
of mesopore and micropore volume was estimated using the
high resolution 𝛼
𝑠
-plot method [30–32]. The specific surface
area of micropore was calculated by subtracting specific
surface area of mesopore from specific surface area obtained
by BET method.
For scanning electron microscopy (SEM) analysis, the
electronmicroscopemodel FE-SEM JEOL JSM6330F (Japan)
was used. Before the observation, the samples were precoated
with a several nanometers thick layer of gold, using a Fine
Coat JFC-1100 ION SPUTTER Company JEOL. The images
were recorded in SEI mode at the ×10 k magnification with
the accelerating voltage of 10 kV.The energy dispersive X-ray
spectroscopy (EDS) analysis was carried out at the invasive
electron energy of 30 keV by means of a QX 2000S device,
product of the Oxford Microanalysis Group. The maximum
resolution was 0.4 nm.
3. Results and Discussion
3.1. Structure Details of Nanopowders. Figure 1(a) displays
the X-ray diffraction patterns for both multidoped
Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
nanopowders
obtained by the MGNP and SPRT methods. According
to the XRPD analysis, all the peaks of the nanopowders
exhibited the presence of single phase ceria with the cubic
fluorite structure (space group Fm3m) without any other
traces, demonstrating that the CeO
2
was fully stabilized
by Nd
2
O
3
, Sm
2
O
3
, Gd
2
O
3
, Dy
2
O
3
, and Y
2
O
3
. This means
that dopant ions very easily replaced the Ce4+ ions in the
crystal lattice, because all dopants in 3+ oxidation state have
the similar ionic radii as Ce4+ ion (0.97 A˚) [33]. Thus, the
additional peaks from dopants amorphous phase have not
appeared (Figure 1(a)). However, one reason for absence of
peaks of the amorphous phase may be the fact that XRPD
(or TEM, Section 3.2) can register the diffraction only from
the bulk phases. It is possible that the second components,
dopant ions, segregated in the thin surface or interface
layers remain invisible for XRPD. Namely, the XRPD peaks
of a second phase can appear only in the case where the
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Table 1: Lattice parameter (𝑎XRPD), crystallite size (𝐷XRPD), andmicrostrain (𝑒XRPD) obtained by the XRPD analysis and particle size obtained
by the TEM analysis, for the Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
nanopowders synthesized by the MGNP and SPRT methods.
Composition 𝑎XRPD (A˚) 𝐷XRPD (nm) 𝑒XRPD (%) Particle size (nm)
MGNP method
Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
5.4133 10.31 2.45 9.56
SPRT method
Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
5.4142 3.52 0.49 3.17
In
te
ns
ity
 (a
.u
.)
(111)
(200)
(220)
(311)
(222) (400)
(331)(420)
2𝜃 (degree)
20 30 40 50 60 70 80
MGNP
SPRT
(a)
MGNP
SPRT
Ra
m
an
 in
te
ns
ity
 (a
.u
.)
Wavenumber (cm−1)
200 300 400 500 600 700 800
463 cm−1
455 cm−1
(b)
Figure 1: (a) X-ray diffraction patterns and (b) Raman spectra of the Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
nanopowders obtained by
the MGNP and SPRT methods.
coherent scattering region for X-rays is large enough or
when the amount of a second phase is high enough [20].
Besides, although the diffraction lines of the sample obtained
by the MGNP method (Figure 1(a)) were much sharper
and stronger, the powder was of the nanometer size (about
10 nm). Broader diffraction peaks for the sample synthesized
using the SPRT method (Figure 1(a)) indicate smaller
crystallite size and/or the presence of strain (Table 1). Due
to pronounced broadening of diffraction lines of the SPRT
sample, some crystal planes remained unnoticeable (hkl: 222,
400, 331, 420).
Bearing inmind that lattice parameter can be a useful tool
for the indication of behavior of the obtained nanopowders,
this parameter for both of the multidoped nanopowders
based on CeO
2
obtained by the MGNP and SPRT meth-
ods was experimentally measured using the XRPD analysis
(Table 1). Generally, it can be noticed that the values of
lattice parameters of the multidoped samples synthesized
by the MGNP method are similar to the corresponding
lattice parameters of pure CeO
2
(5.4129 A˚) [24]. The similar
tendency, in comparison with pure CeO
2
obtained by the
SPRT method (5.4143 A˚) [24], is also observed for the high
multidoped samples synthesized by the SPRT method. It is
obvious that the experimentally obtained lattice parameter
values of the doped CeO
2
in comparison with those of pure
CeO
2
obtained by the MGNP and SPRT methods are in
quite good agreement (Table 1), which was the aim. Namely,
the primary purpose of doping was the introduction of
oxygen vacancies in the crystal lattice of CeO
2
(replacement
of Ce4+ with trivalent dopants) in order to reach higher
ion conductivity, while retaining the values of the lattice
parameter similar to that of pure CeO
2
[24], which was
obviously achieved.
It can be noticed that, according to the XRPD analysis, the
crystallite size of the sample obtained by the SPRT method
is about three times smaller in comparison with the sample
synthesized using the MGNP method (Table 1). Besides, it
is interesting to note that the nanopowder with particle size
of about 3 nm obtained by the SPRT method has the lattice
parameter similar to that of theMGNP powder with particles
of about 10 nm in size (Table 1). These findings suggest the
possibility that powders synthesized by SPRT method have
large specific grain boundary, whose area plays an important
role in ferromagnetic behavior. The obtained results are in
agreement with the literature data concerning the anomaly
of relatively strong increase of ceria lattice parameter noticed
when the particle size decreased below 10 nm [34–36]. This
anomaly is ascribed to increased concentration of Ce3+ ions
with larger ionic radius [34–36]. Besides, the nanopowder
obtained by the SPRT method retained several orders of
magnitude smaller value of microstrain, comparing with the
powder obtained by the MGNP method. All the abovemen-
tioned indicates increased level of defects in the structure
of the nanopowders, which further may increase the electric
conductivity, as well as improved ferromagnetic behavior of
the doped CeO
2
.
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Figure 2: (a) Nitrogen physisorption isotherms, as the amount of N
2
adsorbed/desorbed as the function of relative pressure (solid symbols,
adsorption, open symbols, desorption; inset: pore size distribution (PSD)), and (b) 𝛼
𝑠
-plots for nitrogen adsorption isotherm, of the
Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
nanopowders obtained by the MGNP and SPRT methods.
The identification of the Raman spectrum, especially
Raman signature for O2− vacancies, is very important for
characterizing solid electrolytes based on CeO
2
. It is known
that pure and stoichiometric CeO
2
with fluorite structure has
only a single allowed Ramanmode of the first order (with F
2g
symmetry) positioned at the frequency of 465 cm−1 [24].This
mode was assigned as the symmetric breathing mode of O
atoms around each cation (CeO
8
, the lattice vibration). In the
presented doped nanocrystalline CeO
2
samples experience
an asymmetrical broadening in comparison with its bulk
counterpart. Phonon confinement, inhomogeneous strain,
and the presence of defects cause the observed changes of
the Raman spectra [16]. Besides, at about 550 and 600 cm−1
two additional Raman modes of the second order occur
[25, 26]. Namely, with particle size decreasing, the overall
free surface of the powder increases enabling easier release
of oxygen from the lattice, leaving the vacancy and two
electrons localized on cerium atoms. This process causes the
formation of Ce3+ ions (lowering of Ce4+ valence, which is
due to electroneutrality demands) and the emergence of the
Raman mode at around 600 cm−1. On the other hand, for
the doped nanopowders additional Raman mode at around
550 cm−1 was attributed to oxygen vacancies introduced into
the ceria lattice when Ce4+ ions are replaced with cations of
lower valence state (all dopants have oxidation numbers 3+).
According to the literature [37], the intensity of these peaks
at 550 and 600 cm−1 depends on the number of vacancies
and their appearance (Figure 1(b)) may indicate potential
improvement of ionic conductivity, as well as ferromagnetic
behavior. Namely, systematic studies of properties of nano-
sized CeO
2
and other semiconductor nanostructures oxide
demonstrated that oxygen vacancies play significant role
in establishing both ionic conductivity and ferromagnetic
behavior in these materials. When an oxygen vacancy is
created in a ceria lattice, two electrons are left behind. Due
to one of the widely used mechanisms (“F center exchange
mechanism”) for the explanation of ferromagnetic ordering
in nanocrystalline CeO
2
an electron is trapped in an oxygen
vacancy and acts as a coupling agent between magnetic Ce3+
ions [16]. Recently research [17] has shown that using SPRT
method for pure nanopowder CeO
2
synthesis is promising
method for exhibitingmagnetism due to a significant amount
of electron trapped in oxygen vacancies. Thus, it can be sum-
marized that different synthesis methods strongly influence
the formation of different kinds of oxygen-deficient defect
centers with or without trapped electrons [17], which present
a crucial factor for the assessment of potential electrical and
ferromagnetic behavior.
Nitrogen adsorption isotherms, presented as the amount
of N
2
adsorbed in the function of relative pressure at
−196∘C, are shown in Figure 2(a). According to the IUPAC
classification [38], the isotherms of both MGNP and SPRT
nanopowders are of the IV-type, with a hysteresis loop. The
pore size distribution (PSD) is shown in Figure 2(a) (insets).
It shows that the nanopowders obtained by the MGNP
method are mesoporous. The SPRT nanopowders are also
mesoporous, but with certain participation of micropores.
The distribution is continuous and, for all the samples, the
majority of the pore radii are below 2 nm (Figure 2(a)—
inset).
The specific surface areas calculated by the BET equation
(slow temperature nitrogen physisorption) are presented
in Table 2. Overall specific surface areas of nanopowders
obtained by the MGNP and SPRT methods are 36 and
117m2 g−1, respectively. Besides, the 𝛼
𝑠
-plots (Figure 2(b))
were used for determining the surface area of various surface
regions responsible for adsorption, obtained using standard
nitrogen adsorption isotherms shown in Figure 2(a). The
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Table 2: The textural properties of samples obtained by the MGNP and SPRT methods.
Composition 𝑆BET (m
2/g) 𝑆meso (m
2/g) 𝑆micro (m
2/g) 𝑉micro (cm
3/g)
MGNP method
Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
36 36 — —
SPRT method
Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
117 35 82 0.060
slope of the straight line in the medium 𝛼
𝑠
region gives the
surface area of mesopores (𝑆meso), while micropore volume
(𝑉micro) is given by the intercept. Subtraction 𝑆meso from
𝑆BET presents the micropore surface (Smicro). The calculated
porosity parameters (𝑆meso, 𝑆micro, and 𝑉micro) are presented
in Table 2. These parameters show the difference between
the samples obtained by the MGNP and SPRT methods.
The MGNP samples have lower specific surface areas and
only mesopores, while the SPRT samples have higher specific
surface areas and contain both mesopores and micropores.
This leads to the conclusion that the synthesis method
had great influence on forming specific surfaces, as well
as porosity. In addition, the powder obtained by the SPRT
method retained high specific surface area, which is in
agreement with small crystallite size confirmed by the XRPD
and TEM analyses. Additionally, since the XRPD analysis
showed that particles have small crystallite size (several nm),
both micro- and mesopores could be formed during the
agglomeration (Table 2), which was confirmed by the TEM
and S@Vmethods (Section 3.2).
3.2. Morphology (TEM and SEM Analysis) and
Elemental Composition (EDS Analysis). The
results obtained by the TEM analysis of the
Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
nanopowders
synthesized using the MGNP and SPRT method are pre-
sented in Figure 3. All recordings (Figure 4) show that crys-
tallites tended to agglomerate and form aggregates, which
is consistent with the literature data [39]. Basically, nano-
particles have a natural tendency to agglomerate for two
main reasons: firstly, the agglomeration is a more stable
configuration from the point of view of the surface free
energy, and, secondly, the nanoparticles tend to agglomerate
as a consequence of the tendency of crystallite growth.
This tendency was confirmed by the presence of micro-
and mesopores, as shown in Table 2. Additionally, from the
obtained TEM data (Table 1) it can be seen that the particle
size is in the nanometric range, and its value is very similar
to that obtained by the XRPD analysis. Besides, the TEM
images (Figure 3) show that the fine powders are formed of
more soft and microporous aggregates responsible for high
specific surface area (Table 2), which can be clearly seen in
the SEM images (Figure 4).
With the point of view of potential application of the
synthesized nanopowders as ferromagnetic, it is important to
notice that obtained micrographs (Figures 3 and 4) contain
very developed grain boundaries (GBs) and free surfaces.
Generally, in the last years it has been shown that GBs in
oxides are the reason of ferromagnetic behavior and allow
them to act as promising materials for spintronics [19, 20].
The ferromagnetic behavior has not shown in bulk oxides
(even doped with ferromagnetic ions such as Fe or Co), but
only in polycrystalline samples with very small grains and
high specific area of grain boundaries [19]. The specific area
of grain boundary represents the ratio of GB area to grain
volume, and it has been shown as one of the main factors
controlling ferromagnetic activities [19, 20]. Furthermore,
if the specific area of grain boundary is high enough, the
ferromagnetism will appear even in pure (nondoped) oxide
nanopowder [19]. In our case, the specific number of dopant
ions can be segregated in grain boundaries (Figures 3 and 4)
and remains invisible for XRPD and TEM analysis.This leads
to the conclusion that accumulation of dopant ions in grain
boundaries, interphase boundaries, and amorphous surficial,
interfacial, and intergranular layers can improve the ferro-
magnetic properties of pure CeO
2
[20]. Because the mainly
amorphous grain boundary region has a range of approxi-
mately 1-2 nm in thickness [19] (magnitude of ionic radius
is about 0.1 nm), it is extremely important to understand
phenomena in it. Newly results suggest that the formation
of unpaired electrons is possible at grain boundaries and
that geometries may exist, where such electrons are coupled
ferromagnetically [19]. The presented micrographs (Figures
3 and 4) show that SPRT obtained nanopowder has slightly
better GBs development relative to the sample synthesized
by MGNP methods. Thus, based on the previous results
[17] and due to small grain size (Table 1), we believed that
nanopowders Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
and the obtained MGNP and SPRT methods can be good
candidates with potential ferromagnetic behavior.
The EDX microanalysis was determined from four runs
for each Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
nano-
powder obtained using the MGNP and SPRT methods. The
corresponding EDS images (Figure 5) confirmed the incor-
poration of the dopant ions in the structure for all syn-
thesized nanopowders. The mean value of the chemical ratio
Ce/Nd/Sm/Gd/Dy/Y confirmed that the dopant ions in the
corresponding concentrations for the MGNP sample (Ce/
Nd/Sm/Gd/Dy/Y = 78.70/0.36/0.27/4.72/6.26/9.69) and
SPRT sample (Ce/Nd/Sm/Gd/Dy/Y = 78.85/0.29/0.38/5.31/
6.64/8.53) were successfully incorporated into the host
matrix. Thus, the EDS analysis revealed that all powders had
chemical composition very similar to the nominal chemical
composition.
4. Conclusions
The prepared and characterized multidoped ceria
Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
(𝑥 = 0.2)
samples are new materials that were not reported until now.
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Figure 3: TEM images of the Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
nanopowders obtained by the MGNP (a) and SPRT (b) methods.
(a) (b)
Figure 4: SEM images of the Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
nanopowders obtained by the MGNP (a) and SPRT (b) methods.
(keV)
0 2 4 6 8 10 12 14 16 18 20
Full scale 4848 cts cursor: 0.000
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Full scale 1773 cts cursor: 0.000
(b)
Figure 5: EDX spectra of the Ce
0.8
Nd
0.0025
Sm
0.0025
Gd
0.005
Dy
0.095
Y
0.095
O
2−𝛿
nanopowders obtained by the MGNP (a) and SPRT (b) methods.
The comparative characterization of synthesized multidoped
nanopowders based on CeO
2
by using two different
methods was successfully performed with the intention to
determine differences in the powders caused by the use of
different synthesis methods. Both powders were successfully
synthesized by modified glycine-nitrate procedure (MGNP
method) and room temperature self-propagating reaction
(SPRT method) had the fluorite structure, similar to pure
ceria with the space group Fm3m. The XRPD and TEM
analyses confirmed particle size in the nanometer range. The
presence of oxygen vacancies in ceria lattice, registered by
Raman spectroscopy, indicated potential improvement of
the ionic conductivity and ferromagnetic behavior. The TEM
and SEM analysis show the very developed grain boundaries
and free surfaces of presented powders and allow them to act
as ferromagnetic. Thus, taking into account the properties
of the obtained nanopowders and very easy and inexpensive
synthesis procedures, their potential as suitable electrolytes
for solid oxide fuel cells, as well as for potential applications
in spintronics, might be regarded as high.
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